Piezotronic and piezophototronic, the two emerging fields that combine piezoelectric and semiconductor properties of materials have drawn much attention recently. Piezopotential caused by the piezo-charges can change energy band and carrier transport of piezoelectric semiconductor materials. The p-i-n diodes have been widely used in high frequency microwave circuit. In this paper, we present the theoretical calculations of piezotronic p-i-n diode, including the built-in-potential, current-voltage characteristic, and junction capacitance for microwave and radio frequency application. Furthermore, the photovoltaic and luminescence properties of p-i-n piezophototronic photodetector and light emitting diode have been provided under applied strain.
Introduction
Due to the coupling of piezoelectric and semiconductor properties of wurtzite materials, such as ZnO and GaN, the piezo-potential induced by piezo-charges with external applied strain can not only tune or control carrier transport but also photon emission process in piezoelectric semiconductor [1] . These are named as piezotronic and piezo-phototronic effects, which have a seriers applications in emerging electric nanodevices [2] , sensors [2, 3] , solar cell, LED and micro-robots [4, 5, 6] . Fundamental theory of piezotronics has been established based on physics of semiconductor device and piezoelectric theory [7] . The model of piezo-phototronic light-emitting diode and solar cell [5, 6] have been investigated by theoretical calculations of carrier transport, luminous emission and photovoltaic [4] . Based on classical ballistic Boltzmann transport equation, the characteristics of the piezotronic ballistic transistor has been modeled by two-dimensional piezoelectric semiconductor materials [8] . Quantum models also have been developed for understanding piezotronic, which provide an important factor for piezotronic: the width of the piezoelectric charge distribution [9] . These theoretical studies have present properties of piezotronic and piezophototronic devices under applied strain, which can provide good understanding for characteristic of piezotronic device under direct-current or low frequency application. For high frequency application, the junction capacitance can be tuned by applied strain in piezotronic devices, which affect the frequency properties. As a result, piezocharge can tune the high frequency properties of piezotronic and piezo-phototronic devices, which can be used for microwave or radio frequency (RF) devices.
A typical structure for microwave and phototronic devices is p-i-n, which has an intrinsic layer between p and n-type region [10] . P-i-n diodes have been widely used for high frequency application: such as microwave and RF circuits [10, 11, 12] . In this paper, we theoretically investigated the charge transport behaviors in piezotronic and piezophototronic p-i-n diode. The potential distribution and current-voltage characteristic of piezotronic p-i-n diode have been solved under applied strain. The junction capacitance controlled by strain-induced piezoelectric charges has been investigated, which is an important factor for frequency properties of piezotronic p-i-n diode, especially at microwave or radio frequency.
We also demonstrated the properties of piezo-phototronic photodetector and LED based on p-i-n diode. These results not only provide understanding for piezocharge tuning high frequency signal of piezotronic and piezophototronic but also give a guidance for piezotronic microwave or RF p-i-n diode design.
Model of piezotronic p-i-n diode
Piezoelectric semiconductor materials have semiconductor and piezoelectric properties.
The basic equations for describing the behavior of carriers transportation are electrostatic equations, current density equations, continuity equations, and piezoelectric equations, which describes the behavior of piezo-charges in semiconductor with applied strain [7] .
A p-i-n diode is a p-n junction with an intrinsic layer (i-region) sandwiched between the p-layer and the n-layer, which is a fundamental building block in various modern electronic devices. A typical structure of ZnO nanowire p-i-n junction is showed in Fig.1(a) . In this structure, p-type and i-type are non-piezoelectric materials while n-type piezoelectric.
Positive piezo-charges are at the left side of n-type ZnO when compressive strain applied along the c axis (the direction of ZnO grown) and the negative piezo-charges created by tensile strain, as shown in Fig. 1(b) and (c). The piezocharges, electric field and potential distribution are modified by strain, resulting in the change of energy band structure, as showed in Fig.2 . Hence the piezo-charges induced by external strain can tune and control the transport of carriers.
Basic Equations
The Poisson equation describes electrostatic behavior of piezocharges in p-i-n devices:
where i  is the electric potential distribution and ( ) r   is the charge density distribution, s  is the permittivity of the material.
The behavior of piezocharges in p-i-n junction is described by conventional theory of piezoelectricity. The constitutive equation can be written as [7, 13] :
where the third order tensor ( ) ijk e is the piezoelectric tensor.
Built-in-potential of piezotronic p-i-n diode
A p-i-n diode consists of an intrinsic region sandwiched between heavily doped p+ and n+ regions. The depletion layer is almost completely defined by the intrinsic region. In practice, the intrinsic region can be highly resistive, e.g. lightly doped p or n region. 
The maximum field E m that exists at x = 0 is given by:
Thus, the built-in potential bi  is obtained as:
where a N is the acceptor concentration of i-region. According to Equ. (8) . The built-in potential of the p-i-n junction changes with piezocharges.
Current-Voltage characteristics of piezoelectric p-i-n diode
The forward current and the reverse current is formed by regeneration and recombination of electrons and holes in barrier region. The current depended the recombination centre in i-region of p-i-n diode [10, 14] . For simplicity, the energy level of recombination centers is Thus the recombination rate U is
where r is recombination coefficient, t N is the concentration of recombination centre, i n is the intrinsic carrier density, n and p are concentration for electrons and holes respectively.
In junction region, the concentration of electrons and holes can be decribed by:
where V is the external voltage, and 0 k is Boltzmann constant.
While p n  , the electrons and holes concentration are given by:
Substituting Eqs. (10), and (11) into Eq. (9) , the maxium recombination rate is given by:
, which is the lifetime of carriers.
Thus the forward current can be obtianed as :
The reverse current is given by:
Thus, the current-voltage characteristics can be obtained by Eqs. (14) and (15):
The i-region is light p-doped, the resistance is very higher than p and n region. The recombination lifetime is given as following [10, 14] :
where 0 P and 1 P are hole concentration in equilibrium condition and non-equilibrium condition:
where v N is the effective density of states in the valance band, V E is the valance band, and t E is the band of recombination centre.
Substituting Eq. (18) into Eq. (9) yields following equation
Thus, the reverse current is obtianed as:
Eq. (21) described the current-voltage characteristic of p-i-n junction. According to the Equation(24), the current J is an exponential function of piezo-charges piezo  , which sign depends on the strain. Hence, not only the magnitude but also the sign of the strain can effectively tune or control the current-voltage of p-i-n device. This is the work mechanism of the p-i-n junction based on piezoelectronic effect.
Microwave and piezophototronic devices based on p-i-n diode

Piezotronic p-i-n diode for microwave devices
The high-frequency characteristic of p-i-n diode play important role in microwave application. The typical equivalent circuit model (ECM) is described in Refs. [15 ,16] . The basewidth of i-region is divided into two main regions-depleted and undepleted. Each of them is represented by R and C elements (subscripts j and i corresponding to the depleted and undepleted regions). For simplicity, the resistances of p + and n + layer are neglected, and the fraction of depleted region length in n + layer can be neglected. The nonlinear characteristics of p-i-n diode are calculated using algebraical equations given below.
The capacitances of the two base regions are [10] :
where S is the diode cross section area, W is the basewidth of the diode, W j is the width of depletion region in i-layer. Thus the width of depletion region in i-layer W j can be obtained as:
This equation means the depleted width is a function of the piezocharges, the sign of which depends on the strain (tensile versus compressive). Therefore, the depleted width of the i-layer can be tuned or controlled not only by the magnitude of the strain but the sign of the strain.
Furthermore, the capacitance of junction can be obtained as:
The capacitance also can be tuned or controlled by the piezocharges created by external strain, thus the microwave characteristic of the circuit can be controlled by the external strain exactly. This is the mechanism of piezotronic p-i-n diode for microwave application. It must be noted that Wpiezo can also turn the the frequency characteristic of p-i-n diode by changing 
Piezophototronic photodetector based on the p-i-n diode
Optical excitation can created electron-hole pairs in p-i-n diode. While Then the total current of piezoelectric p-i-n junction is given by:
The open circuit voltage oc V is given as: Fig.4(b) .
Piezophototronic p-i-n LED
The piezophototronic LED can be designed based on p-i-n diode. The luminescence can be turned or controlled by applied strain. The optical power density optic P is a non-linear function of the current density J in led. This feature can be used to design high sensitivity strain sensor. For example, the optical power density optic P can be assumed as a typical nonlinear function: power law function, as shown in our previous works [5] . According to Equ. (24), the optical power density optic P can be obtained as:
where  is a constant describing on device materials and structures, The calculation results of intensity and applied voltage with various strains from -0.08% to 0.08% is showed in Fig.5(c) . The relative light intensity as a function of applied strain (-0.04% to 0.04%) at a fixed forward bias voltage of 0.9 V is shown in Fig.5(d) . The inset shows the external quantum efficiency as a function of applied strain with linear approximation, parabolic approximation, and fitting parameter from previous experiments data.
Conclusion
In summary, we have presented the theoretical frame work of piezotronic p-i-n junction, and obtained a quantitative analysis of both piezotronic microwave diode, piezophototronic detector and piezophototronic LED. Piezo-charges induced the external strain play an important role in tunning/controlling the transportation of carriers in p-i-n structure devices.The current-volatge and frequency characteristics can be changed by piezo-potential. 
